2018)Study on hydro-kinematic characteristics of green water over different fixed decks using immersed boundary method. Ocean Engineering, Please cite the published version https://e-space.mmu.ac.uk Study on hydro-kinematic characteristics of green water over different fixed decks using immersed boundary method Abstract An immersed boundary method is applied to simulate the green water over a fixed deck by combining a level set method for the free water surface capturing. An efficient Navier-Stokes equation solver of second-order accuracy adopting the fractional step method at a staggered Cartesian grid system is used to solve the incompressible fluid motion. The numerical model is validated by comparing extensively the wave elevation and pressure with the experimental data for two types of fixed decks, which suggests that the developed immersed boundary method coupled with the level set method is very promising to predict green water problems due to its accuracy and efficiency. Furthermore, the cross-sectional velocity distribution over the deck, which is an important parameter in the industrial application, is computed and compared to the analytical Ritter's solution. It is found that Ritter's solution is much more conservative than the numerical simulations, which confirms the safe application of the simplified analytical solution in the current design practise. Volume of green water over the deck that affects the stability of deck is also tracked. The numerical results reveal that the amount of green water over both the two types of fixed decks shows a linear relationship with the relative wave height. This important finding may be very helpful for the prediction of deck elevation under a certain wave condition to reduce the occurrence of green water event.
by large amplitude waves on decks. Their numerical results were consistent with the experimental results 23 in French (1969) . In addition, Kaplan (1992) extended the hydrodynamics theory for ship slamming to 24 study the wave action on a deck slab by representing the time varying vertical forces as the combination of 25 a hydrodynamic impact force and a drag force. The time history of vertical forces indicated that the force 26 magnitudes are considerably large, but a discontinuity appears at the instant of complete submergence of 27 the structure. Cox and Scott (2001) and Cox and Ortega (2002) conducted the experimental study on the 28 green water over a fixed deck in a narrow wave flume. In Cox and Scott (2001) it was found that free surface 29 and volumetric overtopping exceedance probability follow the exponential distributions. Cox and Ortega 30 (2002) experimentally revealed that the wave collapsing into a thin deck exhibits the velocities that exceed 31 2.4 times the maximum crest velocity in the case without the deck. 32 Based on the experiment in Cox and Ortega (2002) , green water over a fixed deck was analyzed using the on a fixed deck, and a deck-house on a floating structure. In the recent work of Qin et al. (2017) , green in the green water height and pressure on the solid wall were observed. An air cavity was also captured 48 when the green water travelled along the deck. In the numerical simulation based on the potential flow 49 model presented in Greco (2001) , the free surface evolution was in reasonable agreement with the physical 50 observation just for the lower wave steepness. Barcellona et al. (2003) carried out the experiments for 51 stationary vessel models in head waves to study the characteristics of green water loads and water-front 52 velocity on the deck. Both the pressure on the deck and the horizontal force on the wall show a double-53 peaked evolution, which is similar to those in Greco (2001) . Based on the experimental work in Greco impact pressure, wave celerity, and air void in the experiment of green water over a three-dimensional additional load on the deck when worst case scenario happens in the extreme situation. Therefore, the present 78 study aims at obtaining the deep insight into some important hydrodynamic features, such as the velocity 79 distribution over the deck and volume of green water, when the green water impacts on different decks. To 80 achieve this, a developed immersed boundary method in conjunction with a level set method is extended to 81 study the green water over both the FPSO deck and platform deck, after the extensive validation through the deck is compared with the analytical solution that is being widely used in the industry for the green water 86 problem, and the applicability of this simplified solution is evaluated. More importantly, the amount of green 87 water on different decks is also examined, which may be difficult to estimate experimentally. A relationship 88 between the green water volume and the relative incident wave height is identified. For two-dimensional incompressible viscous flows, the fluid motion can be described by the Navier-Stokes 92 equations,
and the continuity equation,
where u i is the fluid velocity, p is the pressure, x i is the spatial coordinate, t is the time, g i is the gravitational 95 acceleration, ρ is the fluid density and τ ij are the viscous stress components. Here the Cartesian tensor 96 notation is used, and f i is the momentum forcing component to enforce the desired boundary condition on 97 an immersed boundary interface.
98
The flow governed by the Navier-Stokes equations is solved by a finite difference method on a staggered To simulate flows with the free surface undergoing topological changes, splitting and merging, the air-104 water interface is captured by the level set method. In the level set method, we define a scalar distance 105 function φ in the whole domain to measure the shortest distance between the grid cell and the interface, and the function φ follows a convective equation,
With the spatial gradient of φ in Eq. 3 discretized by a fifth-order HJ-WENO scheme (Jiang and 
where RHS includes all the convective, viscous, pressure gradient and body force terms in the governing 
Green water on a fixed FPSO deck 138
The problem of green water can be classified into two categories according to the body geometry: green 139 water on ships or vessels; and green water on platforms. In order to make the numerical simulation feasible, 140 appropriate simplifications are always adopted, while retaining most of the physics of the problem. The 141 problem of green water on vessels (such as the FPSO structure) can be simplified by wave interaction with 142 a rectangular box, as adopted in Greco (2001), which is studied in this section. On the other hand, the 143 problem of green water on offshore platforms (such as the jack-up or tension leg platform) can be simplified which is shown in Fig. 4(a) . In the present numerical model, the velocity of the flap is required as the input 162 at the inlet boundary in order to generate waves in the tank. Fig. 4(b) shows the time history of the angular 163 velocity of the flap, which is adopted in the present numerical simulations. To verify the convergence of the simulation of wave on deck, three grids are tested. In the present work, At the same time, in Fig. 5 the experimental data of wave elevations at the two wave probes in Greco the front of the deck, the incoming wave and the reflected wave are superimposed. As a result, the standing wave occurs, so that the wave height shown in Fig. 5(b) is significantly larger than the incident wave height
When the incident wave propagates to the deck, it is reflected from the deck. As a result, standing wave 180 is generated and wave amplitude before the deck is enlarged. It leads to water running up on the deck, 181 known as green water. The green water height over the deck is important, which has a significant influence 182 on the pressure on the deck or vertical wall. Comparison of the resulting water heights on the deck at the 183 three locations W L1, W L2 and W L3 is shown in Fig. 6 for the case without the wall. It is noted that there 184 are two wave impact events, of which the second event is significantly higher than the first one, because of When the vertical wall is mounted on the deck, the pressures due to the wave impact at the two locations The horizontal u velocity distribution in the first impact event for the cases with and without the wall 201 is presented in Fig. 8 . From the figure, it is seen that there is little difference between these two cases, and 202 the mounted wall has little influence on the u velocity distribution, because the green water on the deck has 203 not reached the mounted wall. For the purpose of comparison, the horizontal u velocity distribution in the 204 second impact event is also presented in Fig. 9 . It is obvious that the presence of the mounted wall can 205 change the u velocity distribution, especially between t = 8.96s and t = 9.20s.
206
It is well known that green water on a marine structure has similarity with a dam break flow; see Buchner 
where x is the distance from the deck edge, t is the time instant measured from when the green water occurs, 212 H 0 is the distance from the maximum wave crest to the deck. In this case, the maximum wave crest of 213 the first event is about 17cm, H 0 is thus 12cm. The numerical results of cross-sectional velocity of green 214 water for the first event along the deck are presented in Fig. 10 for the case without the wall, in which respectively. The figure shows that there are two peaks (or two green water events) for both two cases,
227
where the first peak is significantly smaller than the second one. If the wall is mounted, the green water is 228 accumulated around the corner between the deck edge and the wall, whereas the water volume in the case 229 without the wall is more uniformly distributed along the deck. It means, if the FPSO is free to move, the 230 stability of the FPSO with the wall is influenced by the green water more than that without the wall. 
233
From the figure, it is observed that with the larger wave height, the amount of green water certainly becomes 234 larger. In addition, the maximum V w /V b in different wave heights for these two cases is almost the same.
235
Deck elevation is another key parameter for the volume of water inundation, and its effect is shown in 236 Fig. 13 . Compared to Fig. 12 , it appears that the volume of green water on the deck seems to follow a 237 similar trend by varying the deck elevation or the wave height. To confirm this, the relationship between
238
(H − f ) and the maximum V w /V b is shown in Fig. 14, which As discussed above, offshore platform can be simplified to a thin plate, and the truss section supporting 247 the platform can be ignored because it throws little hydrodynamic effect on the platform. In this section, 248 the present numerical simulations will adopt the setup in the experiment of Cox and Ortega (2002) to carry 249 out the study on this problem. Fig. 15 gives the sketch for the problem of green water over a fixed deck.
250
As only the signal of voltage for the motion of wave paddle was given in Cox and Ortega (2002) , different 251 amplitudes of wave paddle motions have to be tried out in order to generate the same wave profile as in 252 the experiment. Since it was to study the kinematics of one overtopping event, a short transient wave was the wave is focused to a maximum with about 20cm height, followed by a much smaller wave crest at around Similar to the case of green water on a FPSO deck, the volume of water inundation on the fixed platform 284 deck is also examined in this section. Fig. 20 shows the effect of wave height and deck elevation on the 285 volume of water inundation over the deck. In Fig. 20(a) , the deck elevation is fixed at f = 0.0525m, while 286 different deck elevations are investigated in Fig. 20(b) the case of f = 0.0525m in Fig. 20(a) , the maximum volume ratio V w /V b can reach the value of 1.0 at 289 larger wave height. In other word, the deck has to bear a large amount of water loads, which challenge the 290 supporting structure, possibly leading to the destruction of the entire system. When the deck elevation f 291 drops to 0.0125m in Fig. 20(b) , the deck can experience almost twice the water loads compared to that for 292 f = 0.0525m. This figure also shows that the deck experiences a larger amount of green water loads in a 293 longer time duration for the lower deck.
294
Furthermore, relationship between the relative wave height (H − f ) and the maximum volume ratio Fig. 21 . It is observed that a linear relationship exists in the considered range, which is 296 consistent with the conclusion for the green water over a FPSO deck, by which the deck elevation can be 297 predicted to avoid much water inundation when the extreme wave approaches to the deck. 298
Conclusions

299
In this paper, an improved immersed boundary method is applied to investigate the green water on a 300 fixed deck. The complicated free surface is captured by the level set method in this numerical model, and 301 a finite difference method of second-order accuracy is adopted to solve the flow field. Two different types 302 of decks, a FPSO deck and a platform deck, are considered in this study. Extensive comparisons of the 303 water surface elevation and pressure are conducted for the green water over both these two types of fixed 304 decks with the physical experiments. Considerably good agreement can be achieved in all the comparisons 305 between the experimental data and numerical results. More importantly, the present study also compares 306 the velocity distribution along the deck with the Ritter's solution, which indicates that the Ritter's solution 307 that is being widely used in the industry is more conservative than the numerical results, and is safer in the 308 engineering design for both types of structures. In addition, another emphasis of the present study lies in 309 the investigation of green water volume over the deck. It is revealed that for both the FPSO and platform 
